INTRODUCTION {#sec1-1}
============

The production of affordable pharmaceutical dosage forms, which incidentally are generics, involves careful selection of not only effective and cheap active ingredients but also cheap and functional excipients. It is even more desirable that the excipient be multifunctional in order to realize more cost-effective products. In sub-Saharan Africa, where safe natural products for pharmaceutical industry use exist in abundance and with continuous decline in the affordability of even generic products manufactured by many multinationals, the need for our indigenous manufacturers to look inward for excipients (especially multifunctional ones) is urgent. This informs the exploration of native *Pleurotus tuber-regium* (PT) sclerotia as an excipient in solid dosage forms. *Pleurotus tuber-regium* (FR) Singer is a mushroom (basidiomycete) that grows wild in the tropical and subtropical regions of the world. It has also been deliberately cultivated for food, medicine, and scientific research purposes.\[[@ref1][@ref2]\] Its nutritional requirements for growth are very simple, such as decaying wood, sawdust, and other cellulosic materials.\[[@ref3][@ref4]\] It is one of the numerous understudied natural resources in Nigeria, although its potential applications for nutritional, medicinal, and industrial purposes are multifarious. *Pleurotus* species do not produce toxins generally associated with some mushrooms;\[[@ref3]\] hence the associated aversion to mushroom consumption by some people should not be extended to them. PT fruit bodies are rich in protein, while sclerotia are rich in fiber, composed mainly of nonstarch polysaccharides.\[[@ref5]\] Deliberate cultivation of PT in Nigeria is very uncommon, so that the exploitation of this wonderful resource depends entirely on wild sources.\[[@ref6]\] The amount of PT harvested annually in Nigeria is yet to be quantified but a careful observation of many local markets reveals that the produce is highly underutilized, poorly stored, and with associated high wastages. It has been advocated that the commercial production of this mushroom be embarked upon by farmers, as its growth requirements are simple and interest in its medicinal and nutritive values is increasing. The major use of the tuber in Nigeria is as a thickening agent in soups and sometimes it is mixed with melon or peanut and boiled or baked to form a cake. Preliminary work on PT sclerotia powder revealed that it is a good disintegrant in tablets, a functionality that was attributed to its ability to swell upon imbibition of aqueous fluid.\[[@ref7]\] Its water-soluble and alkali-soluble polysaccharides have been characterized and used in functionalizing nanoselenium particles for synergistic anticancer activity.\[[@ref8][@ref9]\]

It is common knowledge to those trained in the art of pharmaceutical dosage form formulations that corn starch (CS) is a disintegrant and when partially pregelatinized, it functions as a binder as well. In the present study, PT sclerotia powder depleted of all phytochemical constituents (hence the term dephytochemicalized) was coprocessed with corn starch British Pharmacopoeia (BP) and evaluated for its multifunctionality as binder-filler-disintegrant in tablet dosage form.

MATERIALS AND METHODS {#sec1-2}
=====================

PT sclerotia were purchased from Oseokwaodu market in Onitsha Anambra State, Nigeria; authenticated by Prof. BA Ayinde of the University of Benin and Nnamdi Azikiwe University (UNIZIK) Awka, and a sample was deposited in the herbarium of the Department of Pharmacognosy and Traditional Medicine, UNIZIK with the voucher specimens number PCG474/A/038 attached. Acetone, methanol, ethanol, concentrated HCl (Sigma-Aldrich, Hamburg, Germany), Avicel^®^ PH 101 (Sigma-Aldrich, Germany), chloroquine phosphate powder (TNN Development Ltd., China), commercial chloroquine phosphate (Evans Pharma Nigeria PLC, Nigeria), and all other reagents were of analytical grade.

Exhaustive maceration of sclerotia powder {#sec2-1}
-----------------------------------------

The sclerotia were carefully peeled and washed several times with distilled water. They were cut into small pieces and shed-dried at room temperature (34 ± 2°C) for 14 days. Thereafter, they were milled using a blender (Panasonic MX 337N, Japan), sieved through aperture size of 150 μm, and 500 g of the resulting powder was soaked in 2000 mL of methanol for 72 h with intermittent shaking. After 72 h, the methanol was drained; the marc was dried at room temperature, resoaked in 2000 mL of acetone and left for another 72 h with intermittent shaking. Finally, the acetone was expressed and the resulting marc was washed four times with 4000 mL of distilled water each time, dried to a constant weight at 50°C (chromatograph oven Coslab AN, ISO 9001-2000, India), passed through sieve (150 μm) and stored in a desiccator over silica gel.

Phytochemical screening of sclerotia powder {#sec2-2}
-------------------------------------------

The phytochemical screening of the exhaustively washed powder was conducted according to previously published protocols.\[[@ref10][@ref11]\]

Determination of ash value and heavy metal content of sclerotia powder {#sec2-3}
----------------------------------------------------------------------

Ashing of the sclerotia powder was done as reported previously,\[[@ref12]\] while heavy metal content was investigated according to the methods of Adrian (1973)\[[@ref13]\] and the American Public Health Association (1995)\[[@ref14]\] using an atomic absorption spectrometer (Varian AA 240, Netherlands).

Determination of pH of sclerotia powder dispersion {#sec2-4}
--------------------------------------------------

A dispersion of 1.0% w/v was prepared with distilled water and allowed to hydrate for 4 h before pH determination using a digital pH meter (Corning, model 10, England). Triplicate determinations were carried out and the mean recorded at room temperature (35 ± 2°C).

Generation of sclerotia powder (PT)-cornstarch BP (CS) composites {#sec2-5}
-----------------------------------------------------------------

PT was mixed with CS in ratios of 1:1, 2:1, 3:1, 4:1, 1:2, 1:3, and 1:4 to generate 20 g powder mix. Each powder mix was dispersed in 60 mL of water and the resulting slurry was heated in a hot water bath (Karl Kolb D-6072 Dreieich, West Germany) and regulated at 65°C ± 2°C for 5 min. The paste formed was thinly spread on flat stainless steel trays, air-dried under forced convection to a constant weight, milled with the blender, sieved through 150-μ*m aperture*, dried in hot-air oven (Unitemp LTE Scientific Ltd., Great Britain,) at 50°C for 2 h, and stored in airtight containers over silica gel.

Preparation of the physical mixtures of PT and CS {#sec2-6}
-------------------------------------------------

Two types of physical mixtures were prepared: Treated physical mixtures (TPM), i.e., those containing PT sclerotia powder and CS powder separately treated as composite above; and untreated physical mixtures (UPM), i.e., those containing PT sclerotia powder and CS powder mixed in ratios of 1:1, 2:1, 3:1, 4:1, 1:2, 1:3, and 1:4, respectively to generate 20 g powder mix. Each powder mix was mixed for 15 min using a tumbler mixer (Karl Kolb, D. 6072 Dreieich, Germany) and sieved through 150-μm aperture and dried in the hot-air oven at 50°C for 2 h to generate the physical mixtures, which were stored in airtight containers over silica gel.

Characterization of PT-CS composites and the physical mixtures of PT and CS {#sec2-7}
---------------------------------------------------------------------------

### Micromeritic indices determination {#sec3-1}

Particle density, bulk density, tapped density, flow rate, angle of repose (AR), Carr\'s index (CI), and Hausner\'s ratio (HR) were evaluated using methods reported previously.\[[@ref15]\] Triplicate determinations were carried out for each parameter.

### Swelling index {#sec3-2}

The method described in BP (2009) was utilized, with slight modification. Briefly, 1 g of each powder of particle size less than 150 μm was accurately weighed and carefully transferred into a 50-mL measuring cylinder. It was moistened with 1 mL of ethanol 96% and 25 mL of distilled water was added. The cylinder was firmly closed and shaken vigorously every 10 min for 1 h, and then allowed to stand undisturbed for 24 h. The volume occupied by the material under test after the entire 24 h was measured. The mean of triplicate determinations was used to evaluate the swelling index by applying the equation:\[[@ref16]\]
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where *SI* = swelling index; *V*~t~ = final volume of hydrated powder; *V*~o~ = initial volume of powder

### Fourier transform infrared (FTIR) spectroscopy {#sec3-3}

The FTIR analysis of each powder sample was carried out using the apparatus FTIR-8400S spectrometer (Shimadzu Corporation, Japan). Two milligrams (2 mg) of each sample and 200 mg KBr were powdered with an agate mortar and pestle and compressed into a pellet using the pellet press. The resulting pellet was mounted on the sample holder and the system was purged with nitrogen gas. Scanning was conducted in the range of 400-4000 cm^-1^ with a resolution of 1 cm^-1^. Duplicate measurements were made and the spectrum with the clearer peaks was chosen.

### Differential scanning calorimetric (DSC) analyses {#sec3-4}

DSC characterization of each powder sample was carried out using the apparatus Nietzsche DSC 204 F1 Phoenix (Nietzsche, Germany). Four milligrams (4 mg) of each sample was carefully weighed using the analytical balance (Mettler Toledo AB54, Switzerland) and sealed in aluminium pan. Calibration of the calorimeter was done with indium and the purge gas was nitrogen. Heating of the sample was carried out at the rate of 5°C/min from 30°C to 400°C under a nitrogen flow rate of 20 mL/min, followed by cooling back to 30°C at the same rate.

### Compaction study {#sec3-5}

Three hundred milligrams (300 mg) of each excipient composite or its equivalent physical mixture was accurately weighed and manually filled into one prelubricated die of a 12-station rotary press (JC - RT - 24H, Jenn Chiang Machinery Co., LTD, Feng Yuan, Taiwan) equipped with 10-mm flat faced punches, after 11 of the dies were blinded.\[[@ref17]\] Compression of the samples was carried out manually at pressure range of 5-35 KN. Immediately after ejection, the resulting tablet\'s weight was determined with an analytical balance (Mettler Toledo AB54 GmbH, USA), and its diameter and thickness were measured using a digital micrometer gauge (Mitutoyo: Model 10c-1012EB, Japan). Six tablets were made for each sample at each compression pressure and the mean values utilized in the relevant compaction study calculations. The resulting tablets were stored in airtight containers over silica gel for 7 days to allow relaxation to take place. Thereafter, their dimensions and hardness values were measured using the digital micrometer and the Erweka hardness tester (Karl Kolb Erweka, Germany), respectively. The mean values derived from these measurements were used to evaluate the following:

### Tablet relative density (D) {#sec3-6}

The relative density (packing fraction) values of the various tablet batches were evaluated using the following equation:
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where ρ~a~ = compact apparent density; ρ~s~ = particle density of the powder from which the compact was made.

### Heckel analysis {#sec3-7}

This was conducted using Heckel\'s equation:
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where D is the relative density of the powder compact at pressure P; the constant K is a measure of the plasticity of the compressed material; the constant A is related to the die filling and particle rearrangement before deformation and bonding of the discrete particles. K, is estimated from the slope of the straight portion of the curve resulting from the plot of In\[1/(1-D)\] as a function of P, while the intercept of the straight portion on the y-axis estimates the constant A. Relative density (D~A~), which represents the total degree of packing at zero and low pressure, can be calculated from the constant, A, using the equation:
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Subtraction of the relative density at zero pressure (D~0~) from D~A~ yields the relative density due to particle rearrangement at low pressure (D~B~):
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The slope is also related to the yield strength, Y, of the material by equation 6:\[[@ref18]\]
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The reciprocal of K is termed the mean yield pressure, *P*~Y~. *P*~Y~ gives indication whether the fragmentation of particles was the predominant compaction mechanism of powders.

Formulation and evaluation of chloroquine phosphate tablets with the excipients {#sec2-8}
-------------------------------------------------------------------------------

After some preliminary studies on the mixing ratios of chloroquine and the multifunctional excipients for tablet formulation, the 4:1 ratio of drug to excipients was selected. Twenty grams (24.0 g) of chloroquine phosphate and 6.0 g of each of the excipients or microcrystalline cellulose (Avicel^®^) were mixed using benchtop planetary mixer (Kenwood, model OWHM400020, Yokohama, Japan) for 10 min. Thereafter, the flow properties of the mixtures were evaluated, before the addition of 0.5% w/w magnesium stearate and further mixing for 5 min.\[[@ref7]\] Subsequently, 500 mg of each drug excipient mixture was weighed and carefully poured into the die and compressed with a force of 17.5 KN using the tablet press (JC - RT - 24H, Jenn Chiang Machinery Co., LTD, Feng Yuan, Taiwan) equipped with 13-mm flatfaced punches. The resulting tablets were stored in airtight containers over silica gel for 72 h before tablet hardness, friability, and disintegration time tests were carried out on them using the standard protocol.\[[@ref19]\]

### Dissolution study on chloroquine tablets {#sec3-8}

Dissolution test was carried out according to United States Pharmacopoeia (USP) XXIII basket method with an eight-chambered dissolution test machine (Erweka Germany Type: DT 80) operated at 100 rpm for 45 min in 900 mL of distilled water, maintained at 37 ± 0.5°C. Five milliliters (5 mL) of dissolution fluid was withdrawn and replaced with 5 mL of fresh medium at the following intervals: 5 min, 10 min, 15 min, 20 min, 25 min, 30 min, 35 min, 40 min, and 45 min. Each withdrawn sample was made up to 20 mL with fresh medium, filtered, and its absorbance determined with ultraviolet (UV)-visible spectrophotometer (UV - 160A, Shimadzu Corporation, Japan) at 323 nm and distilled water as blank. Triplicate determinations were conducted and the mean values used to evaluate the percentage drug released using the Beer\'s plot for chloroquine (y = 0.0365x - 0.0034, R^2^ = 0.9934) and applying the appropriate dilution factor.

Statistical analysis {#sec2-9}
--------------------

The results of the experiment were analyzed with regression analysis (GraphPad Prism 5, California, USA) and one-way analysis of variance (ANOVA) (Microsoft Excel 2007, California, USA), with level of significance fixed at *P* \< 0.05.

RESULTS AND DISCUSSION {#sec1-3}
======================

Residual phytochemicals in macerated sclerotia powder {#sec2-10}
-----------------------------------------------------

The qualitative phytochemical analysis of macerated (dephytochemicalized) sclerotia powder showed that the marc has been rid of alkaloids, flavonoids, terpenes, tannins, etc. \[[Table 1](#T1){ref-type="table"}\] Carbohydrates including cellulose were also not detected, but protein was present. Various authors on the proximate composition of PT sclerotia reported the presence of different phytochemicals including carbohydrates;\[[@ref20][@ref21][@ref22][@ref23]\] it is thus obvious that the maceration technique employed in this study succeeded in ridding the sclerotia powder of the phytochemicals, except protein(s). Acid hydrolysis of the marc, and subsequent tests for reducing sugars also gave a negative result for cellulose. Incidentally, this implies that the fibrous marc might be predominantly or completely composed of protein.

###### 

Physicochemical and phytochemical characteristics of macerated sclerotia powder
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Ash value, heavy metal content, and pH of macerated sclerotia powder {#sec2-11}
--------------------------------------------------------------------

The total ash value for the macerated sclerotia powder was 0.40 ± 0.09%. This parameter gives information about physiological ash, which is derived from the plant tissues and nonphysiological ash, which is often from environmental contaminations.\[[@ref24][@ref25]\] The low value indicated the low level of contamination with inorganic compounds, including heavy metals. The contents of heavy metals in the marc were evaluated from their calibration curves and were found to be below the acceptable limits,\[[@ref26][@ref27]\] with some being entirely absent \[[Table 1](#T1){ref-type="table"}\]. Selenium and cobalt are generally portrayed as being medicinal; both, however, belong to class 2A (toxicity depends on route of intake but contamination level must be determined due to their higher relative natural abundance) under International Conference on Harmonization (ICH) guidelines.\[[@ref28]\]

Fourier transform infrared spectroscopy {#sec2-12}
---------------------------------------

The spectrum of the macerated sclerotia powder is shown in [Figure 1a](#F1){ref-type="fig"}. The band frequency at 539 cm^−1^ most probably indicates the presence of phosphate or sulfite bond as C-P-O-or C-S stretch;\[[@ref29]\] 831 cm^−1^ suggests an aromatic C-H out-of-plane bend, while 934 cm^−1^ indicates vinyl C-H out-of-plane bend. In addition, 1271 cm^−1^ may be assigned to aromatic primary amine C-N stretching vibration. The peaks at 1478 cm^−1^ and 1615 cm^−1^ might have emanated from C = C-C aromatic ring stretch.\[[@ref30]\] C = O stretching vibration from a carbonyl group, probably from an acyclic ketone, may be assigned to 1711 cm^−1^, while 2480 cm^−1^ may likely be either from N-H stretching vibration of an amide group or that of C = O from a carbonyl group. While 2701 cm^−1^ was from C-H stretching of a terminal aldehydic group, 3011 cm^−1^ suggests the presence of C-H stretching vibration from a terminal vinyl group. N-H stretching vibration from an aliphatic primary amine is indicated by 3351 cm^−1^, whereas 3536 cm^−1^ points to the presence of O-H stretching vibration on an aryl group.\[[@ref29][@ref31]\] For CS \[[Figure 1b](#F1){ref-type="fig"}\], alcohol O-H out-of-plane bend was seen as the peak at 578 cm^−1^, 1025 cm^−1^ pointed to the C-C skeletal vibration from a cyclohexane ring.\[[@ref29][@ref32]\] C-H symmetrical bend from a CH~3~ group was depicted by the peak at 1376 cm^−1^. Adsorbed water on the starch was seen as an O-H peak at 1647 cm^−1^.\[[@ref33]\] The peak at 2169 cm^−1^ is due to the combination of a C-H and a C-C stretching vibrations from an asymmetrical aliphatic group, whereas 2356 cm^−1^ was assigned to C-H stretch of the -CH~2~.\[[@ref34]\] The C-H stretching vibration from a methylene (C-CH~2~ -C) group is shown by 2927 cm^−1^; 3393 cm^−1^ is the peak for H bonded O-H stretching vibration from a polymeric -OH group.\[[@ref34]\] The spectrum of PTCS (PCS 1:1) is shown in [Figure 1c](#F1){ref-type="fig"}, which reveals that majority of the peaks in the CS spectrum were retained in the composite. None of the peaks seen in the spectrum of sclerotia powder was displayed in the PCS composite, and this could be attributed to the occlusive nature of the starch gel, which might have coated the particles of sclerotia powder, thereby preventing their interaction with the infrared wave. Additionally, two peaks (1376 cm^−1^ and 2356 cm^−1^) in CS spectrum disappeared and two new ones (1420 cm^−1^ and 1528 cm^−1^), assigned respectively to vinyl C-H in-plane bend (C = C-H) and aromatic N-H bending or C-N stretching vibrations, were observed.\[[@ref34]\] The disappearance of the peaks may be attributed to some interactions between the -OH in the starch molecules and the N-H in the sclerotia powder, and/or the -OH in the sclerotia powder and -CH~3~ in the starch.\[[@ref34]\]

![FTIR spectra of PT: *Pleurotus tuber-regium* (a) CS: Cornstarch (b) and PT-CS (c)](IJPI-6-10-g008){#F1}

Differential scanning calorimetry {#sec2-13}
---------------------------------

The thermograms of the macerated PT sclerotia powder and some of the composites with CS are shown in [Figure 2](#F2){ref-type="fig"}, while the values of the thermodynamic parameters for the excipients are summarized in [Table 2](#T2){ref-type="table"}. The dehydration temperature of PT was 55.8°C with heat of dehydration of 362.8 J/g. Its peak melting point was 329.5°C and was relatively broad, an indication of polymeric and amorphous nature of the material.\[[@ref34][@ref35]\] Some of the thermal properties of the coprocessed excipients are shown in [Table 2](#T2){ref-type="table"} and it is obvious that the copregelatinization of CS and PT as well as increase in the CS content gave rise to higher dehydration temperatures and heats of dehydration. This may be ascribed to the copregelatinized excipient\'s ability to bind water molecules more tightly than both the TPM and UPM. The implication of this is that the composites (PCSs) are much less likely to release their bound water during tableting, thus may be more suitable for the formulation of moisture-sensitive drugs if other factors such as packaging and acid-base interaction have been addressed. The melting point of PT was relatively attenuated by the presence of CS, which may be accounted for by the water content of the starch, which often acts as an impurity in starch and a plasticizer in excipient blends, thereby lowering the melting point of starch or starch-containing excipients.\[[@ref35][@ref36]\] There was good similarity in the thermograms of the 1:1 combination of the excipients \[[Figure 2a](#F2){ref-type="fig"}-[d](#F2){ref-type="fig"}\] and this suggests very good miscibility between the excipients. The attenuation of melting point of the composites is technologically advantageous because it will enhance their processibility (compactibility, plasticity).\[[@ref37][@ref38]\] An anomalous behavior in the peak melting point of the coprocessed excipients and the physical mixtures is evident as a higher proportion of starch gave rise to the elevation of peak melting points and the depression of heats of fusions \[[Table 2](#T2){ref-type="table"}\]. This may be linked to the alteration of the crystallinity of the blends caused by interaction between the -OH group of CS and the amide N-H group of PT, thereby leading to cross-linking. Previous workers have reported that a change in the crystalline structure of polymer blends may result from polymer/polymer interactions in the amorphous phase, which ultimately creates disorder in crystals and reduce the enthalpy of the phase change.\[[@ref39][@ref40][@ref41]\] Furthermore, the thermograms of 1:4 (PT:CS) excipient mixtures revealed two thermal events: Two endothermic events for PCS 1:4 and UPM 1:4; one exothermic and one endothermic events for TPM 1:4. The biphasic endothermic event has been previously reported for starches that were heat/moisture-treated and those with relatively high moisture content.\[[@ref42]\] The exothermic event (crystallization) and subsequent melting/decomposition seen in TPM 1:4 is attributable to the second stage that takes place in the process of starch gelatinization, which derives from the formation of starch-solvent -OH bond to complete the gelatinization process and then subsequently melting/decomposition of the starch granules.\[[@ref43]\]

![DSC thermograms of PT (a) PCS 1:1 (b) TPM 1:1 (c) UPM 1:1 (d) PCS 1:4 (e) TPM 1:4 (f) and UPM 1:4 (g)](IJPI-6-10-g009){#F2}

###### 

Thermodynamic parameters of macerated sclerotia powder and some composites
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Micromeritic and swelling properties of composites and physical mixtures {#sec2-14}
------------------------------------------------------------------------

The particle densities of macerated untreated sclerotia powder (UPT), heat-treated macerated sclerotia powder (TPT), untreated corn starch (UCS), heat-treated corn starch (TCS), and Avicel^®^ PH 101 (AVI) are 1.172 ± 0.015 g/mL, 1.385 ± 0.018 g/mL, 1.395 ± 0.030 g/mL, 1.322 ± 0.025 g/mL, and 1.463 ± 0.079 g/mL respectively \[[Table 3](#T3){ref-type="table"}\]. The particle densities of composites ranged from 1.246 ± 0.015 g/mL (PCS 4:1) to 1.428 ± 0.034 g/mL (PCS 1:1); for treated physical mixtures the range was 1.190 ± 0.070 g/mL (TPM 2:1) to 1.435 ± 0.039 g/mL (TPM 1:4), while those for the untreated physical mixture ranged from 1.205 ± 0.038 g/mL (UPM 1:1) to 1.412 ± 0.035 g/mL (UPM 1:4) \[[Table 3](#T3){ref-type="table"}\]. The particle density of UPT is lower than that of TPT, probably as a result of the pregelatization during which water was retained by the powder. It is also lower than the previously reported value of 1.20 g/mL,\[[@ref7]\] which may be because of the maceration process employed in the generation of UPT. The particle densities of the composites (PCSs) were higher than those of their corresponding physical mixtures (both TPMs and UPMs) except for the 1:4 combinations of PT and CS, where PCS possessed lower particle density than TPM or UPM. The reasons for these observed differences were not immediately apparent, but they might not be unconnected with the moisture contents of the PCSs: The interaction between the two excipients during pregelatinization might have led to the entrapment of more moisture within. Bulk or loose density and tapped density give valuable information about the packing and flow characteristics of powders. Bulk and tapped densities of a powdered material change easily depending on the packing character of the particles, hence their values vary for the same material under different conditions. Where uniform conditions are relatively maintained, however, they can be used as tools for assessment of powder flow quality. The bulk and tapped densities of the PCSs are higher than those of the physical mixtures (TPM and UPM) \[[Table 3](#T3){ref-type="table"}\]. This implies that under similar packing conditions, the composites will be more densely packed than the physical mixtures and may require smaller packaging material as they possess smaller values of bulkiness (inverse of bulk density). When expressed as packing fraction (tapped density/particle density) as shown in [Figure 3](#F3){ref-type="fig"}, it is very obvious that the consolidation characteristics of the composites are better than those of physical mixtures (especially untreated ones) and even that of Avicel. Packing of powders is a very important consideration in the production of solid dosage forms.\[[@ref44][@ref45]\] [Figure 3](#F3){ref-type="fig"} shows that increase in the concentration of PT in the composites decreased their packing fractions. This may be attributed to the fluffy nature of PT, a property that CS was unable to attenuate effectively at low concentration. The packing fractions of the composites and their physical mixtures were higher than that of Avicel. A high packing fraction is desirable in the compaction of powders to tablets and in capsule-filling operations. In contrast, powders that display high packing fractions during routine tapping operations usually flow poorly,\[[@ref46]\] and this was observed in this study.

###### 

Micromeritic and swelling properties of the excipients
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![Packing fraction of composites, physical mixtures, and controls](IJPI-6-10-g012){#F3}

Empirical evaluation of powder flow will not cease to be relevant in the production of tablets, capsules, bulk, and divided powders. The common parameters employed in such evaluation purposes are CI, HR, AR, and flow through an orifice. The CI, HR, and AR for the composites respectively ranged from 25.00% (PCS 1:2) to 44.26% (PCS 1:1), 1.33 (PCS 1:2) to 1.81 (PCS 1:2), and 36.74° (PCS 1:4) to 48.91° (PCS 4:1), as shown in [Table 3](#T3){ref-type="table"}. The values for TPMs were 39.60% (TPM 3:1) to 57.54% (TPM 4:1), 1.66 (TPM 3:1) to 2.36 (TPM 4:1) and 41.74° (TPM1:4) to 51.68° (TPM3:1); whereas the UPMs displayed values in the range of 51.43% (UPM 1:1) to 56.00% (UPM 2:1), 2.06 (UPM 1:1) to 2.27 (UPM 2:1) and 53.60° (UPM 2:1) to 45.34° (UPM 1:4) with respect to CI, HR, and AR \[[Table 3](#T3){ref-type="table"}\]. These parameters, which still remain the compendial specifications for powder flow evaluation, have enjoyed popularity because of their simplicity of experimentation and the numerous limitations of the new methods (such as shear cell, avalanching, dielectric imaging, atomic force microscopy, and penetrometry).\[[@ref47]\] The composites (PCSs) had flow characteristics within the passable scale of CI, HR, and AR indices when viewed holistically. The TPMs' flow properties were largely within the poor and very poor grades, while those of the UPMs were located within the very poor and very very poor range.\[[@ref48]\] Untreated sclerotia powder (UPT), untreated cornstarch (UCS), and treated sclerotia powder (TPT) all displayed very poor flow, whereas the flow of treated cornstarch, i.e., partially pregelatinized corn starch (TCS) was within fair flow range. It is evident that the copregelatinization of PT and CS improved the flow properties of both powders, especially PT, which was of very poor flow when pregelatinized alone. This inference was reinforced by the flow properties of the physical mixtures. For the TPMs, PT and CS powders were separately pregelatinized and then mixed in the appropriate ratios thereafter. On the other hand, the UPMs were not pregelatinized. Both types of physical mixtures exhibited significantly (*P* \< 0.05) poorer flow properties in comparison to the composites. It is therefore evident that the copregelatinization of the powders to generate the composites positively impacted the flow characteristics of the composites. Among the composites, PCS 1:2 exhibited the best flow when a tapping experiment was employed, while PCS 1:4 was the best under free fall and rearrangement technique (AR). Under free fall, it appears that increase in CS concentration improved flow \[[Table 3](#T3){ref-type="table"}\]. This observation may be explained by the ability of starch to reduce (as was observed in the laboratory) the fluffy nature of sclerotia powder upon copregelatinization. Better flow was thus realized as the content of CS was increased and the ability CS to improve flow was also apparent among the physical mixtures, especially the TPMs, in which the explanation given above may still be true, whereas for the UPM, it may be ascribed to the lubricant and glidant properties of starch.\[[@ref49][@ref50]\] The flow characteristics of Avicel^®^ PH 101 were generally similar to those of PCSs (except PCS 1:2), as can be seen from [Table 3](#T3){ref-type="table"}. Avicel has been reported to possess poor flow properties,\[[@ref51]\] and this was observed in this work to be the case of the new composites. The composite PCS 1:2 possessed the best flow property.

The swelling indices of excipients are pointers to their ability to act as disintegrants in tablet or capsule dosage forms. This is informed by the fact that one of the mechanisms through which disintegration occurs is the imbibitions of fluid, swelling, and exertion of pressure within the matrix of the dosage form, causing its rupture. Treated and untreated PT sclerotia powder exhibited significantly (*P* \< 0.05) better swelling property in comparison to treated and untreated CS BP \[[Table 3](#T3){ref-type="table"}\]. Additionally, the swelling index of the composites (except PCS 4:1 and PCS 1:2) are lower than those of TPT and UPT. The swelling indices of composites and their treated and untreated physical mixtures reveal that as the proportion of PT was increased, the swellability of the excipients also increased. In contrast, increment in CS concentration in the mixture caused reduction in excipient swellability. This observation was, however, very different in PCS 1:2, which displayed the greatest swelling index of 112%. An explanation of this observation may be that copregelatinization of the two excipients at 1:2 ratio caused more physical cross-linking between them and incidentally gave rise to better swellability. As the proportion of CS was increased, however, there was increase in the plasticizing ability of the composites and reduction in their swelling indices. In comparison to Avicel, the new composites possess very significantly (*P* \< 0.05) better swelling indices, and this may likely play out in their disintegrant properties, as the functionality of most disintegrants has been linked to their ability to swell.\[[@ref52][@ref53]\]

Heckel analysis of the composites and the physical mixtures of their components {#sec2-15}
-------------------------------------------------------------------------------

The degree of initial packing in the die due to filling with powder is represented by D~0~. The addition of CS to PT to form composite resulted in increment in the values of D~0~. In the same vein, raising the percentage content of CS in the composites and their physical mixtures gave rise to increased D~0~ values, while increment in PT concentration resulted in reduction in D~0~\[[Table 4](#T4){ref-type="table"}\]. This implies that initial packing due to die filling was positively influenced by increment in CS concentration and negatively affected by that of PT increment.\[[@ref19][@ref54]\] This appears to contradict the observation under packing fraction; however, it is worth noting that D~0~ reflects packing at zero pressure before any type of tapping. The relative density of powder bed at low pressure, D~B~, was observed to be higher for excipients (both composites and their physical mixtures) containing higher proportions of PT than those with high proportions of CS. This implies that consolidation of the powders at low pressure was better in composites and physical mixtures containing more PT. This observation corroborates the result of packing fraction discussed above. The total degree of packing (D~A~) also revealed that the consolidation of the excipients was higher in ones with higher proportions of PT than CS. Furthermore, the consolidation properties of the UPMs were not significantly different from those of TPMs or the composites. This seems to suggest that under low pressure, the consolidation characteristics of the excipients were similar irrespective of prior treatment given to them. This characteristic must have been imparted by PT because previous reports indicated that the consolidation of pregelatinized CS was better than that of unpregelatinized CS at low pressure.\[[@ref55][@ref56][@ref57]\] The yield pressure, *P*~Y~, is the reciprocal of the slope, K, of the linear portion on Heckel plot \[[Figure 4](#F4){ref-type="fig"}\]. It gives information on the deformation characteristics of a powder. Low *P*~Y~ values indicate that deformation was predominantly plastic in nature, while high values imply fragmentation prior to plastic deformation.\[[@ref55]\] The *P*~Y~ values for composites were significantly (*P* \< 0.05) higher than those of physical mixtures and UPT \[[Table 4](#T4){ref-type="table"}\]. The low *P*~Y~ values of UPT and TPMs imply that they deformed plastically, whereas the PCSs that displayed high *P*~Y~ values underwent fragmentation before plastic deformation. The compaction behavior of PCSs might have derived from their physical interaction as coprocessed materials, in which the compaction pressure first caused the breakdown of the bridges between the two materials before plastic deformation of the composite began. This characteristic is advantageous in compaction: Such an excipient will be less lubricant-sensitive as new surfaces will be available for plastic formation after fragmentation, even in the presence of a lubricant. The cumulative energy thus required to achieve these steps in the compaction process of the composites necessitated the impartation of higher pressure, as observed in this study. The *P*~Y~ values of UPMs were relatively higher than those of TPMs. This may be attributed to the presence of unmodified starch, which is well known to possess unsatisfactory compaction characteristics. The plastic deformation noted for the physical mixtures could therefore be ascribed to mainly the presence of PT powder. It is, however, pertinent to note that a low *P*~Y~ value does not necessarily imply that the resulting compact has acceptable tensile strength.\[[@ref57][@ref58]\]
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Heckel analysis parameters
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![Heckel plots for excipients: Composites (a) Treated physical mixtures (TPMs) (b) and untreated physical mixtures (UPMs) and untreated *Pleurotus tuber-regium* powder (UPT) (c)](IJPI-6-10-g014){#F4}

Packing and flow properties of chloroquine-excipient binary mixtures {#sec2-16}
--------------------------------------------------------------------

[Table 5](#T5){ref-type="table"} shows the functional densities with corresponding flow characteristics and ARs of the binary mixtures. Chloroquine phosphate powder is free-flowing, as can be seen from its flow indices. With the exception of PCS 1:2, PCS 1:3, and PCS 1:4, the incorporation of the other excipients (including Avicel) reduced the flowability of chloroquine powder. Grading flow using flowability indices (CI, HR, and AR), the flow of chloroquine powder was within the very good flow class, whereas its binary mixture with Avicel was within the good flow range. The composites PCS 1:2, PCS 1:3, PCS 1:4 and the physical mixture TPM 1:4 maintained the very good flowability of chloroquine, while the other excipients dragged it into fair flow range. This observation does not imply that the excipients may ultimately negatively affect the properties of chloroquine tablets formulated with them, because taking other factors that play out during formulation into consideration, these excipients may be useful in retarding flow responsibly by preventing flooding of powders from hopper to die cavities during tableting in a rotary press. In general, it is evident that the flowability of chloroquine-excipient binary mixtures was influenced by the flow properties of the excipients, a corroboration of a previous finding.\[[@ref59]\]
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Packing and flow properties of chloroquine-excipient binary mixtures
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Mechanical properties of chloroquine phosphate tablets {#sec2-17}
------------------------------------------------------

Tablets are powder compacts that are expected to possess a certain level of mechanical strength in order to withstand postcompaction handling and transportation. In this study, the tablets' hardness values, of all formulations studied, were greater than the accepted minimum (4 KgF).\[[@ref60]\] The hardness of the Evans brand was approximately 4 KgF \[[Table 6](#T6){ref-type="table"}\]. These acceptable values notwithstanding, some formulations had tablet friability values (friability \>1%) that negate their ability to withstand transport and other postformulation handling. With the exception of PCS 1:1 CQ, all tablets formulated with the composites possessed acceptable friabilities (i.e., \< 1%),\[[@ref61]\] while virtually all the UPMs failed to impart good friability to the tablets. This is not unexpected, as the friabilities of tablets formulated with untreated CS or PT were above the accepted limit \[[Table 6](#T6){ref-type="table"}\]. The friability of the commercial product was similar to those of tablets formulated with composites or TPMs, and that of AVICQ was superior to them. Tablets of CQ powder had the high friability of 4%, which was effectively reduced to the acceptable minimum by the composites at a low content level of one-fifth weight ratio to chloroquine phosphate powder. This result is encouraging: As the composite is intended to be multifunctional (filler-binder-disintegrant), evident effectiveness at low concentration is of immense advantage.

###### 

Mechanical properties of chloroquine tablets
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The disintegration time of chloroquine tablets as shown in [Table 6](#T6){ref-type="table"} reveal that except those formulated with Avicel, the tablets disintegrated in less than 15 min, the maximum acceptable time for conventional tablets.\[[@ref62]\] Mean disintegration time for the Evans brand was 4.29 min, which was significantly higher (*P* \< 0.05) than the mean disintegration time of tablets formulated with the composites (PCS 1:4). Reference to swelling index of these excipients \[[Table 3](#T3){ref-type="table"}\] shows that tablet disintegration times were influenced by the swellability of the excipients. Composites and TPMs, which possessed higher swellability potential, also caused faster tablet disintegration. It may thus be suggested that the disintegrant property of the excipients is executed by the swelling mechanism, and this is similar to previously reported findings.\[[@ref63][@ref64]\]

Dissolution profile of chloroquine tablets {#sec2-18}
------------------------------------------

Dissolution study of solid dosage forms is a key quality control test, especially where drug solubility in aqueous media is a challenge. Chloroquine phosphate, however, does possess very good aqueous solubility, so its dissolution from tablets may be influenced mostly by the ability of the disintegrant to rupture the tablet and release granules or chloroquine-excipient particles, which will commence the process of dissolution. The dissolution profiles of representative tablet batches are shown in [Figure 5](#F5){ref-type="fig"}, from which it is very obvious that the new excipient composites are suitable multifunctional candidates for chloroquine and probably other drug powders. The amount of drug released in 45 min\[[@ref65]\] from tablets formulated with the excipient composites ranged from 86.43 ± 12.61% (PCS 3: 1CQ) to 97.63 ± 10.99% (PCS 1:4), while that from tablets formulated with Avicel^®^ PH101 was 60.43 ± 9.69% (AVICQ) and that from the Evans product was 104.91 ± 10.58% (or, EVACQ). The amount of chloroquine that dissolved in the dissolution medium from tablets formulated with the new excipient composites was significantly higher (*P* \< 0.05) than the amount that dissolved from AVICQ tablets. For the commercial comparator (EVACQ), the amount of drug dissolved was initially (in less than 40 min from T~0~) significantly higher (*P* \< 0.05) than the amounts released from the PCSCQs, but at 45 min, the difference between them was not significant, especially for PCS 1:4 CQ. A close inspection of [Table 6](#T6){ref-type="table"} will reveal that among the PCSCQs, PCS 1:3 CQ and PCS 1:4 CQ possessed the best mechanical properties based on friability and disintegration time as indices for quality determination. This informed their selection and comparison with the TPMs and UPMs \[[Figure 5b](#F5){ref-type="fig"}\]. No significant difference was seen in the amount of drug dissolved from PCSCQs, TPMCQs, and UPMCQs. Other properties of the tablets, however, had showcased the PCSCQs as possessors of higher qualities. These results suggest that all the batches except AVICQ met the pharmacopeial requirement of ≥75% chloroquine release in 45 min.\[[@ref66][@ref67][@ref68][@ref69]\] An assessment of the quality of a new formulation of chloroquine phosphate (A-CQ 100) submitted to the Medicine Evaluation Board, Netherlands for marketing approval reported that the amount of drug released (Q) from the innovator product (Nivaquine^®^) was of the order: 80% \< Q \< 100% within 30 min in dissolution media of pH values 1.2, 4.5, and 6.4.\[[@ref68]\] The commercial product (comparator) that was used in this study released up to 103% in 30 min, a performance that is better than that reported for the innovator product, although the medium used in this study was distilled water. The commercial product in this study is therefore a more stringent comparator to the tablets formulated in this study than the innovator product; yet, there was no significant difference between the amount of drug it released and those from the PCSCQs samples at 45 min. This is worth noting and points to the novel excipient composite as a suitable multifunctional excipient for the formulation of difficult to compact powders that chloroquine phosphate represents.\[[@ref70]\]

![Dissolution profile of chloroquine tablets: Composites, commercial comparator, and AVICQ (a) Selected composites, physical mixtures, commercial comparator, and AVICQ (b)](IJPI-6-10-g017){#F5}

CONCLUSION {#sec1-4}
==========

Coprocessing of dephytochemicalized PT sclerotia powder and CS yielded novel composites that have shown promise as excellent multifunctional excipients. The combination ratio of PT to CS with the best multifunctional characteristics in chloroquine tablet was 1:4 (PCS 1:4). The functional properties of this composite and even those of the other composites were better than those of their physical mixture counterparts, and they showcased potentially better mechanical functionality than Avicel^®^, a popular multifunctional tablet excipient.
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